Biosensors aiming at detection of target analytes, such as proteins, microbes, and virus, are widely needed for various applications including detection of chemical and biological warfare (CBW) agents, environmental monitoring, and drug screening. 1 Proteins are often targeted for detection as their relative and absolute levels of concentrations may be correlated to specific disease states and as such be used to assess the progress of disease and monitor the effects of treatment. [2] [3] [4] [5] [6] Many biosensors aiming at probing protein biomarkers impose challenges of insufficient sensitivity and selectivity in human serum, in which there are more than 20 000 different proteins with concentrations ranging more than 10 orders of magnitude. [6] [7] [8] [9] In traditional biosensors, the selectivity is provided by bio-receptors possessing highly specific binding affinity to capture target analytes. Many bio-receptors, such as antibodies, peptides, and aptamers, exist, yet their use in biosensors is often limited by their relatively weak binding affinity with analyte, non-specific adsorption, need for optimization conditions, low reproducibility, and difficulties integrating onto the surface of transducers. [10] [11] [12] In order to circumvent the use of bio-receptors, we instead utilize the competitive adsorption of proteins, termed the Vroman effect. The Vroman effect was reported by Vroman and Adams in 1969, 13 and its various aspects have been largely studied since then. [14] [15] [16] The competitive adsorption targeted here occurs among different proteins competing to adsorb to a surface, when more than one type of proteins are present. When lower-affinity proteins are adsorbed on the surface first, they can be displaced by higher-affinity proteins arriving at a later point in time. 17 Moreover, only lowaffinity proteins can be displaced by high-affinity proteins, typically possessing higher molecular weight, yet the reverse sequence does not occur. Therefore, we can design the selectivity of detection primarily depending on proteins' affinity strength and engineer surface characteristics to change the adsorption affinity according to the energy preference to further increase selectivity. 18 Because this process occurs at the vicinity of the surface, it is appropriate to couple the process with a surfacesensitive analytical tool such as Surface Plasmon Resonance (SPR). SPR offers detection limits up to a few ppt (pg/ ml). 19, 20 Through SPR, the process of competitive protein adsorption may be monitored in real-time, 21 and transduced into an SPR angle shift, as shown in Figs. 1(a) and 1(b). This unique technique bypasses the time-consuming, labor-intensive labeling processes, such as radioisotope and fluorescence labeling. More importantly, the method avoids the modification of the biomarker's characteristics and behaviors by labeling that often occurs in traditional biosensors. 22, 23 This competitive adsorption biosensing technique led the detection of fibrinogen at a concentration of 0.5-2.5 mg/ ml in undiluted human serum. 18 Despite the success, it is difficult to adopt this method to detect other protein biomarkers as the concentrations of many target proteins of interest are extremely low, ng/ml even down to pg/ml. In this work, we aim to detect thyroglobulin (Tg, 660 kDa), a sensitive indicator of persistent or recurrent differentiated thyroid cancer (DTC) of follicular cell origin after total thyroidectomy, 24, 25 down to 2 ng/ml, in undiluted human serum.
Tg is produced by and used entirely within the thyroid gland. After total thyroidectomy, its normal concentration in serum is extremely low, less than 3 ng/ml when receiving thyroid hormone. 24 The current standards to measure Tg in serum are radioimmunoassay (RIA) and enzyme-linked immune sorbent assay (ELISA). 24 Both are technically matured and commercialized. However, RIA involves complicated and time-consuming processes, including specific binding of antibody, labeling of gamma-radioactive isotopes, and separation of analytical labeled components from the mixture via precipitation and centrifugation. ELISA utilizes colorimetric signals to measure the antigen-antibody reaction instead of a radioactive method, which is more practical to supplant RIA. 26 These two techniques both suffer from nonspecific interference in the process of specific binding between antigen and antibody. 26, 27 The non-specific interference is a challenge to the Vroman effect based detection scheme as well. Only relying on the specific adsorption behavior is not sufficient to discriminate such minute concentrations of a target analyte (i.e., Tg in the range of <3 ng/ml) in human serum. In order to address the challenge, we combined the Vroman effect with a pattern recognition technique, a strategy based on the "chemical nose-tongue," [28] [29] [30] discriminating specific fingerprints generated by a large array of biosensors. In the pattern recognition technique, an array of individual biosensor elements are used to provide sensing based on "differential" receptors. "Cross-responsive" interactions between biosensors in the array and the target proteins generate a unique composite pattern, which allows the recognition of the target proteins. [31] [32] [33] [34] Selection of the sensing surfaces to generate the pattern is critical as it affects the sensitivity and selectivity of a pattern recognition technique. Ten different sensing surfaces are designed to deliver large differences in adsorption affinity quantified by dissociation constant (K D ) and the change in Gibbs energy (DG ). Among many statistical methods, Linear Discriminant Analysis (LDA), a robust pattern recognition technique, is adopted for this work. 35 Two kinds of results are produced to estimate the classification accuracy. The first is the original classification result that indicates how well the functions discriminate the given samples. The second is the cross-validation on the basis of the leave-oneout option. This result can be used to estimate how well the functions should predict a new sample. The bare gold or COOH-SAM (self-assembled monolayer) modified sensing surface is mounted above the SPR, which is then coupled with the flow cell. After thorough calibration, each one of the five known-affinity protein (IgM, IgG, Transferrin, Albumin, and Lysozyme) samples is injected to be pre-adsorbed on a bare gold and COOH-SAM modified surfaces. These five different proteins and two different surfaces provide ten surface features (shown in Table  S1 ) for Tg detection, establishing the array that generates a pattern. 36 When pre-adsorption is completed, Phosphate Buffered Saline (PBS) rinses the surface to sweep excess weakly bound proteins to establish a stable baseline. Tgspiked (100, 10, and 2 ng/ml) serum samples (shown in Table S2 ) flow across the pre-adsorbed surfaces. 36 The SPR angle shift increases simultaneously as some pre-adsorbed proteins are replaced by Tg via the competitive adsorption of proteins. After rinsing and sweeping with PBS, the SPR angle shift reaches steady state. Subtracting the baseline from this angle shift, a final angle shift caused by Tg-spiked samples is obtained ( Fig. 1(c) ). Every sample is repeated 6 times on every surface feature and ten average values of SPR angle shifts from ten surface features are obtained to form a distinguishing pattern for each sample. Different patterns are compared and analyzed to discriminate the Tg-spiked samples as a function of Tg concentrations in undiluted serum.
Five different proteins, IgG (150 kDa), Transferrin (80 kDa), Albumin (67 kDa), Lysozyme (14.7 kDa), and IgM (900 kDa), are utilized to be pre-adsorbed on the surfaces of gold chips. Lysozyme, Transferrin, Albumin, and IgG powders are prepared in PBS with concentrations of 1 mg/ml each. Tg powders are dissolved in human serum at three different concentrations: 100, 10, and 2 ng/ml. The concentrations gradually decrease to attempt the lowest limitation of this biosensor. Glass slides (BK7, n ¼ 1.517, 150 lm thick, 18 Â 18 mm) are first immersed in ethanol and cleaned in an ultrasonic cleaner for 5 min. Subsequently, the slides are rinsed sequentially with ethanol and deionized (DI) water, and dried by a N 2 stream. Cr/Au (2 nm/47 nm) is sputtered on the glass chips. The slides are cleaned in a plasma cleaner at 10.15 W for 1 min. 20 To form COOH-terminated chips, the gold chips fabricated above are immersed in an ethanol of alkane-thiols (1 mM) for 24 h. Before use, they are rinsed with ethanol and dried by a N 2 stream. Compared with hydrophobic bare gold surfaces, COOH-SAM modified chips are hydrophilic, which leads to different interaction with proteins. 37, 38 With k classes, LDA produces k-1 discriminant functions that produce the greatest discriminations between these k classes. If there are more than three functions produced, three of them, which contain as many of the distinguishing signals of the original data set as possible and are uncorrelated to each other, are picked up to build a plot in three dimensions. Particularly, in this work, a kind of sample represents a class. The data set contains SPR angle shift patterns representing different samples, generated from the ten surface features. In the plot, every data point, or training case, represents a replication generated from the ten surface features. The data points (six points produced by six replications) representing the same sample are separated from others, if they can be successfully recognized. 36 Proteins are differently adsorbed on the surfaces based upon their thermodynamic energy preferences, and naturally behave to minimize the overall system energy. 17 Their reactions can be interpreted as the natural outcome to achieve the equilibrium point. Therefore, the change in Gibbs energy caused by protein adsorption on a surface reflects the chemical potential and reaction process in the system. 39, 40 The change in Gibbs energy for the reversible part of the adsorption process can be expressed as
At equilibrium
where DG and DG represent the changes in adsorption free energy and in standard state adsorption free energy, respectively; R is the ideal gas constant (1.985 cal/K mol); and T is the absolute temperature (298 K).
[A] is the molar concentration of the protein in solution; [B] and [AB] are the mole fraction of surface sites occupied by a surface and adsorbed protein, respectively. Dh is the SPR angle shift; Dh max is the SPR angle shift at the saturation; C is the protein concentration; K D is the dissociation constant. 17, 40 Through Eq. (2), a Langmuir-like feature (shown in Fig.  S1 ) can be described by 36, 40 Dh ¼ Dh max C=ðK D þ CÞ:
Noticeably, as SPR signal changes are unlikely at truly equilibrium states, the extracted dissociation constants (K D ) are apparent and useful only for the purpose of comparing results obtained under similar experimental conditions. 41 Table I lists maximum SPR angle shift (at saturation), Dh max , equilibrium dissociation constant, K D , and Gibbs energy change, DG , measured on ten different surface features. 36 The normal concentration of Tg in human serum is 3 ng/ml for a patient after treatment for DTC. In order to characterize the sensitivity of biosensor for diagnosis, three different Tg-spiked samples, 100, 10, and 2 ng/ml, are attempted, and undiluted human serum is used as the control.
The ten surface features produce 6 Â 10 ¼ 60 SPR angle shifts that together form a group representing a single sample. As such, the four samples (100, 10, 2 ng/ml Tg-spiked samples and the control) are represented by four groups of SPR angle shifts, as shown in Table S3 . 36 In Fig. 2(a) , ten average values with error bars (standard deviation) taken from the ten surface features and measured over six repetitions are shown to form a pattern. Depending on the specific response on one kind of surface feature, the difference between the sample and the control are usually too minute to be discriminated. These SPR angle shift patterns are further analyzed by LDA to be discriminated and formally classified into different groups.
After LDA, three discriminant functions are generated (90.0%, 9.6%, and 0.4%) to represent the linear combinations of the ten-dimensional data set including four samples Â ten surface features Â six replications. Based on the three functions, a three dimensional plot is built in Fig. 2(b) , in which 24 training cases (4 samples Â 6 replications) are classified into four groups representing four samples, respectively. In Table II , the original classification of 91.7% indicates how well the functions discriminate these four given samples, while the cross-validations of 66.7% is used to estimate how well the functions derived from all 24 cases should predict a new sample.
We further analyze the separate discriminating accuracies for the three Tg samples, as shown in Tables S4-S6. 36 100, 10, and 2 ng/ml Tg-spiked samples that are discriminated from the control show the original classification of 100%, 100%, and 100%, and the cross-validation of 83.3%, 53.3%, and 41.7%, respectively. In other words, for an unknown sample, a higher concentration evidently provides a higher possibility to discriminate Tg samples from the control. In Fig.  2(b) , 100 and 10 ng/ml Tg-spiked serum samples are shown farther away from the control, but the 2 ng/ml Tg-spiked serum sample has a finite overlap with the control, which highlights the difficulty of discrimination. The reason is apparent in the case where more differences between higher concentration Tg samples and the control result in more distinctively different patterns that are easier for LDA to discriminate. All the points, mapped on an x-y plane, are composed of two most significant functions. This demonstrates that these four samples can be discriminated on the two functions. Only the discrimination between the 2 ng/ml Tg-spiked sample and the control needs the assistance of the third function.
A set of experiments for selectivity of SPR biosensor are designed and executed. IgM is chosen to demonstrate the selectivity characterization as the affinity strength of IgM , À7.0 kcal/mol). Eight surface features produce the patterns for the 100 ng/ml IgM-spiked serum sample, as shown in Fig. 3(a) . LDA is then performed to analyze these samples. Four functions are generated (84.6%, 11.9%, 3.1%, and 0.4%) and the three most significant functions are used to build the three dimensional plot in Fig. 3(b) . The plot shows that the IgM-spiked serum is clearly separated from other samples, except for a little overlap with the 100 ng/ml Tg-spiked serum. The original classification result and the cross-validation result are 90.0% and 63.3%, respectively, as listed in Table III. In this work, a SPR biosensor using the competitive adsorption of proteins and pattern recognition is demonstrated to detect Tg in undiluted human serum. Based on cross-responses, the biosensor bypasses the need of specific capture of the target analyte, Tg, and enhances the selectivity to discriminate the tiny discrepancies among multiple samples. Through the analysis of LDA, explicit plots and quantitative indices are generated from the composite patterns. At last, we detect Tg with 100, 10, and 2 ng/ml in undiluted human serum, and estimate the possibility to predict the classification of a Tg sample with an unknown concentration.
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